The signal-to-noise ratio (SNR) and heterodyne efficiency are investigated for coherent (heterodyne detection) laser radar under the Fresnel approximation and general conditions. This generality includes spatially random fields, refractive turbulence, monostatic and bistatic configurations, detector geometry, and targets. For the first time to our knowledge, the effects of atmospheric refractive turbulence are included by using the path-integral formulation. For general conditions the SNR can be expressed in terms of the direct detection power and a heterodyne efficiency that can be estimated from the laser radar signal. For weak refractive turbulence (small irradiance fluctuations at the target) and under the Markov approximation, it is shown that the assumption of statistically independent paths is valid, even for the monostatic configuration. In the limit of large path-integrated refractive turbulence the SNR can become twice the statistically independent-path result. The effects of the main components of a coherent laser radar are demonstrated by assuming untruncated Gaussians for the transmitter, receiver, and local oscillator. The physical mechanisms that reduce heterodyne efficiency are identified by performing the calculations in the receiver plane. The physical interpretations of these results are compared with those obtained from calculations performed in the target plane.
I. Introduction
Remote sensing by using laser radar or light detection and ranging (lidar) systems is flourishing as the optimum and sometimes unique technique for numerous scientific, commercial, and military applications. These applications include the profiling of atmospheric aerosol concentrations; the profiling of atmospheric gases by using multiwavelength differential absorption lidar'" (DIAL); meteorological studies and observations of the atmosphere including humidity, clouds, and aerosols 2 ; determination of target range, velocity, and identity; target tracking; detection of dangerous low-altitude wind shear near airports 5 ; and the space-based global profiling of tropospheric wind fields. 6 ' 7 Both incoherent (direct) and coherent (heterodyne) detection laser radar measurements have been dem- onstrated. However, laser radar systems that operate at wavelengths between 0.4 and 1.4 [um are potentially dangerous to the retina of the human eye. Incoherent laser radar systems, which usually use photomultipliers in the visible wavelength region, become insensitive at wavelengths that are >1 jIm, where photocathode materials for photomultipliers cease to be effective. Above 1 m other detector/ preamplifier combinations must be used that are comparatively noisy, thereby reducing the sensitivity of incoherent laser radar measurements. Coherent laser radars have several orders of magnitude more sensitivity in the infrared (IR) wavelength region. In addition to sensitivity, heterodyne detection is required for certain laser radar measurements (e.g., wind and target velocity, velocity width, and velocity spectrum).
Much work has been published on coherent laser radar (CLR) theory. 35 During the 1960's and 1970's much of the basic formulation of the CLR signal-tonoise ratio (SNR) was developed by Thomson and co-workers with NASA and NOAA support. Most of this work resides in unpublished contract reports. 3 6 37 The theory of CLR performance is required if one is to understand the physics of the measurement process, to assess the feasibility of proposed measurements (e.g., through computer simulation), to optimize the design of a system, and to devise new applications.
Ideally the theory uses a minimum of assumptions, clearly states the necessary assumptions and their implications, and provides physical insight. Analytic expressions are particularly desired for obtaining understanding and for ease in performing computer simulations. However, we were unable to find published CLR theory and SNR equations that simultaneously met certain criteria that are necessary to obtain the benefits listed above. Examples of this include papers that (1) presented numerical results instead of analytic solutions 2 0 2 7 32 34 ; (2) were not applicable to the commonly used monostatic CLR system 5 2229 ; (3) made simplifying assumptions at the start concerning the transmitted field, the receiver optics, the local oscillator (LO) field, or the target, which reduced the generality of the results' 5 2 22 7 2 9 ; (4) assumed far-field or near-field focused conditions 10 The treatment of near-field, nonfocused conditions and atmospheric refractive turbulence effects is becoming more important as laser radar systems employ shorter wavelengths. 3 3 Books and review papers in the field1'4, 8 3 9-4 8 deal primarily with direct detection, and their discussions of coherent detection do not include our desired theoretical development of an SNR equation. Published comparisons of theoretical and experimental CLR SNR show theoretical exceeding experimental by 5-10 dB. 4 
The physics of coherent detection for deterministic fields 5 3 2 is well understood. The performance of coherent detection for this case has been determined with calculations of SNR and heterodyne efficiency. The theoretical foundations of coherent detection were established by Siegman 0 and his antenna theorem, which was derived under the Fraunhofer approximation (far field). The derivation of CLR performance under the Fresnel approximation (the near and far fields) and the target plane formulation was presented by Rye.' 6 The performance of CLR systems in the absence of refractive turbulence has been investigated numerically 2 32 3 4 to determine optimal parameters. Arbitrary field distributions have been analyzed theoretically with orthogonal Hermite polynomial expansions. 35 The effects of atmospheric refractive turbulence have been investigated by using many approximations, none of which is valid in medium or strong path-integrated refractive-turbulence conditions.
Previous work has considered many CLR geometries and targets. Many parameters have been defined to describe CLR performance in various regimes and under various approximations. Many field normalizations have been proposed to simplify the expressions. The system-dependent contribution of the SNR for uniform diffuse targets has been called optical sensitivity by Zhao et al. 3 3 We use the term coherent responsivity and also add the term direct responsivity for the analogous quantity for direct detection laser radar. These two statistics provide a useful description of CLR performance for random transmitter and LO fields, general detector characteristics, general refractive-turbulence spectra (form and strength), and general targets. The analysis is presented first by using the physical fields and a general formulation that is valid for spatially random fields, refractive turbulence, arbitrary detectors, and general targets. Then the most convenient normalized fields are used to identify the most basic system-dependent contribution (coherent and direct responsivity) for the three classes of detector: the large uniform detector, the finite uniform detector, and the arbitrary detector.
We derive a general theory for the SNR of a coherent detection laser radar based on previous work, using the path-integral formulation (Fresnel approximation), which is valid for any typical pathintegrated atmospheric refractive turbulence. The general theory and definitions of useful performance parameters are presented in Section II. This includes a heterodyne efficiency for general conditions and targets that can be estimated from the laser radar signal. The leading order effects of refractive turbulence are discussed in Section III. Analytic expressions are presented in Section IV for the case of untruncated Gaussians for the transmitted field, LO field, and transmitter/receiver optics. The physical interpretations of the receiver plane and target plane calculations are also presented. Comparisons with previous work are contained in Section V, and calculations are presented in Section VI. Conclusions and recommendations follow in Section VII.
Although we present analytical results for only the leading order effects of atmospheric refractive turbulence, we provide the tools to analyze laser radar with general refractive turbulence conditions and a general transmitter, receiver, and detector. All results are presented with units explicitly specified to facilitate calculations for real systems. The many expressions for laser radar performance are essential for understanding CLR systems, especially when atmospheric refractive turbulence is important.
Theory
A. Detector Plane Coherent detection laser radar provides optimal detection sensitivity and Doppler information for wind and other target velocity measurements. The performance of coherent detection has been investigated for ideal conditions, i.e., deterministic beams and shotnoise-limited detectors." 2 Two important measures of CLR performance are the SNR and heterodyne efficiency. We derive the CLR SNR and the heterodyne efficiency for a general CLR system and general targets under the Fresnel approximation, using the path-integral formulation. 6 s 7 0 This theoretical foundation allows a clear extension to both medium and strong path-integrated atmospheric refractive-turbulence conditions.
The geometry for a CLR system is shown in Fig. 1 .
The optical scalar field 4T(u, z, t)[(W m-2 ) 2 ] of the transmitted laser pulse in a homogeneous medium at given by (3) where Es(w, L, t) is the reduced backscattered field from the target in the detector plane, ELO(w, L, t) is the reduced LO field in the detector plane (which may have stationary random fluctuations), LO is the angular frequency of the LO, and O (rad) is the random phase of the backscattered field compared with the LO field. The signal current I(t) (A) for an ideal linear detector (e.g., photomultiplier, photodiode) is (4) Fig. 1. Geometry for the coherent detection laser radar system. An actual system has an overlap of the transmitted and back propagated local oscillator beams at the target.
PD(w, L, t) = Es(w, L, t)exp[i(kL -(ot + Os)] + ELO(w, L, t)exp[i(kL -)Lot)],
transverse coordinate u (m) and time t (s) is
where i = +/4 k = 2 r/X (rad m') is the wave number of the field, (m) is the wavelength of the field in a homogeneous medium, = 2rrv (rad s-1) is the angular frequency, v (Hz) is the optical frequency, and ET(U, , t)[(W m 2 ) 1 2 ] is the reduced scalar field. The scalar fields are normalized so that in the absence of extinction (2) where IE I denotes the absolute value of E, PT(t) 
where
jw=PO is the direct current (dc) (A) caused by the LO,
is the direct detection signal current (A) from the backscattered field,
is the intermediate-frequency (i.f.) signal current (A) at frequency Aw = WLO -O << w, Re denotes the real part,
is the effective LO power (W) measured by the detector, and
is the effective direct detection irradiance power (W) measured by the detector. The three components of the signal current are shown in Fig. 2 typical data 3 8 7 ' from a CLR transmitting a Gaussian pulse and reflected from a rigid target. For typical CLR systems the LO power is much larger than the direct detection power. The i.f. current i(t) is obtained by passing the total signal through a bandpass filter to remove the dc and direct detection components and unnecessary noise. The i.f. signal current is converted to power with a squaring circuit (see Fig. 2 ) and a low-pass filter with bandwidth B (Hz). The average of this CLR power is (see Appendix A)
X MLO*(w,, W, L)dwldw, (11) where ( denotes the ensemble average (or time average for an ergodic process), (12) is the mutual coherence function (W m 2 ) of the total backscattered field in the detector plane z = L, MLO(w,, w 2 , L) is the mutual coherence function of the LO field in the detector plane, which is independent of the time t since the LO field is stationary. Here we have assumed that the LO field is statistically independent of the backscattered field. In practice the LO field is usually deterministic, and the random fluctuations of the CLR power are determined from the statistics of the backscattered field.
If the noise is dominated by the LO shot noise 7 2 73 (an ideal photomultiplier detector or an ideal unbiased photodiode detector), the average noise power (A 2 ) caused by the Poisson statistics of the detection process is (iN2) = 2GDeB(IdC), (13) where (IdC) is the average of the dc signal current, Eq. (6), and is also independent of time t since the LO field is stationary. (We assume a photovoltaic detector. Note that a photoconductive detector has a factor of 2 more noise. 8 7 2 ) The dimensionless CLR SNR is defined as (see Fig. 2) SNRQt) (iN') hvB(PWD) JD nqQ(wj)9Q(w 2 )Ms(w, w 2 , L, t)
x MLO*(w 1 , w 2 , L)dw 1 dw,, (14) where (PLOD) is the average of the effective LO power measured by the detector [see Eq. (9)]. The average i.f. power (is 2 (t)) can be obtained from the following expressions for SNR by multiplying the SNR by the average noise power (iN2).
Another useful measure of CLR performance is the dimensionless heterodyne efficiency 'H, which measures the loss in coherent power when the received field and the LO field are not perfectly matched. For random fields heterodyne efficiency is defined in an analogous manner to the case of deterministic fields,
,
29 ,5662 i.e.,
(PI(t)) (POD) (15) The heterodyne efficiency has a maximum value of unity when Es(w, L, t) ELO(w, L). [To see this use the Schwartz inequality, Eq. (9), Eq. (10) , and the definition of the mutual coherence function, Eq. (12), in Eq. (15) .] The heterodyne efficiency in Eq. (15) can be estimated from the detector signal by using the average CLR power (iS 2 (t)) and the ensemble average of the detector current (W(t)) = (IdC) + (I() (16) provided the direct detection signal from the backscattered field I(t) is large enough to be determined accurately. The average of the direct detection signal (Is(t)) can be obtained by subtracting the average dc IjdC) [(I(t) ) when there is no backscattered signal] from the average signal current (I(t)) (see Fig. 2 ), if the i.f. signal current i 8 (t) has a random phase from pulse to pulse or over the observation time. Using a calibration target with high backscatter increases the direct detection signal Is(t) compared with the dc signal Idc from the LO. The ability to estimate heterodyne efficiency for general conditions provides a useful measure of the alignment of the backscattered and LO fields on the detector, which is critical to the performance of CLR.
Using Eqs. (14) and (15), we can express the CLR SNR in terms of the heterodyne efficiency as
SNR(t) =D ( H(t).
(17)
SN~) hvB
The SNR depends on two physical mechanisms: (1) the average direct detection power (PD(t)) and (2) the heterodyne efficiency NH, in addition to the wavelength and detection bandwidth B. Both mechanisms are required to evaluate system performance.
B. Receiver Plane
The propagation of the backscattered field through the receiver complicates CLR calculations. It is more convenient to express the field on the detector in terms of the backscattered field ES(v, 0, t) incident on the receiver 6 8 " 9 5 4 defined by the plane z = 0. The backscattered field after passing through the effective receiver optics (e.g., lens) is expressed in terms of the dimensionless function WR(V) by Es(v, 0-, t) = Es(v, 0, t)WR(v), (18) where z = 0-defines the plane of an idealized infinitesimally thin receiver aperture. If the Fresnel diffraction approximation is valid, the field on the detector is related to Es(v, 0-, t) by
is the free-space Green's function (m-'). (21) where
X expFM (v' -w2)}dw (22) is the field of the reciprocal receiver 2 or the backpropagated LO (BPLO) field at the target side of the receiver aperture originating from the detector surface, v 2 = v v, w2= w w,
f1 qQ(w)exp(-iK w)dw (23) is (24) This expression is the same as in Eq. (14), except that the calculations are performed in the receiver plane instead of in the detector plane. This eliminates the complexity of propagating the random fields through the receiver. The calculation of the CLR performance in the detector plane provides useful insight. 3 4 The SNR, the average direct detection power (PD(t)), and the heterodyne efficiency NqH all depend on the CLR components and on the mutual coherence functions of the backscattered and BPLO fields at the plane z = 0.
C. Target Plane
The backscattered field at the receiver depends on the transmitted field, the intervening atmosphere, and the nature of the scattering target. The transmitted field incident on a rigid target at transverse coordinate p (m) and range R (m) in the absence of extinction is
where G(p; u, R) (m-') is the Green's function for wave propagation through a turbulent atmosphere with no extinction. We include random fluctuations of the transmitted fields in both space and time over the observation time. 
where EL(u, z, t) [(W m-2 )" 2 ] is the field of the laser, and WT(u) is the dimensionless response function of the transmitter optics (e.g., lens). All the physics of a laser radar transmitter are described by the effective transmitter field ET(U, 0, t). However, the optimal performance of monostatic CLR is referenced to the laser power and requires knowledge of both the laser source field EL(u, z, t) and the transmitter response function WT(u).
The performance of CLR depends on the interaction of the transmitted field with the target. We assume that the backscattered field at the target Es(p, R, t) can be expressed as 48 Es(p, R, t) = f. ET(q, R, t)V(q, p)dq, (27) where V(q, p) (m-2 sr"'/ 2 ) is the local reflection coefficient of the target. This representation of a hard target allows the special cases of the point scatterer, the dielectric and conductive surface, the diffuse target, and the retroreflector (corner cube). The backscattered field at the receiver in the absence of extinction becomes (12) and (28), is given by is the target scattering function (m-4 sr-') and
is the dimensionless one-way irradiance extinctio: wavelength , and a(z) (m-') is the linear extincl coefficient along the propagation path. We neg any changes in a(z) between transmit and rec( paths. When Eq. (25) is substituted into Eq. (28),
x G* (P 2 ; v 2 , R)) dqldq 2 dpldp 2 duldu 2 , (32) where MT(ul, U 2 , Z, t) is the mutual coherence function of the transmitted field and we have assumed that the transmitted field in the z = 0 plane is statistically independent of the random medium. In practice the transmitted field is deterministic at the transmitter lens, and
However, for partially coherent sources and many unstable-resonator high-powered lasers, the mutual coherence of the transmitter field is required for calculating the SNR and heterodyne efficiency. The average CLR power (is 2 (t)), SNR, and heterodyne efficiency -qH depend on a special case of the general fourth moment of waves propagating in random media 6 8 (21) and (32) X EBPLO (pi, R)EBPLO*(P2, R ))dqldq2dpldp 2 (31) or, equivalently, (35) SNR(t) = hK(|)o2 (36) (The latter representation is more compact but does not permit ready evaluation since it is not expressed in terms of the basic statistics.) This is the essence of the target plane formulation presented by Rye' 8 (37) backscattered field at the receiver is then
and the SNR is given by
where p (m) is the location of the point scatterer, Os (rad) is the phase of the backscattered field, as The mutual coherence function of the backscattered field in the receiver plane is
where we have assumed that the transmitted field and refractive turbulence are statistically independent. The SNR in the target plane representation is given by (40) where
x EBPLO(Pl, R )EBPLO* (P2, R))dpldp 2 (45) in the target plane representation where the fields at the target are calculated in the absence of extinction.
Diffuse-Scattering Target
For a diffuse-scattering target the reflection coefficient V(q, p) is random and 48 where p(p) (sr-') is the scattering coefficient at transverse coordinate p. The mutual coherence function of the backscattered field in the receiver plane is
X G* (p; V 2 , R))duldu 2 dp- (47) The SNR in the target plane representation is
are the irradiances (W m-2 ) of the transmitted f and the BPLO field at range R in the absencE extinction [see Eq. (25)].
Plane Surface
For a plane deterministic surface (e.g., mirror) wl normal makes an angle O, with respect to the transi ter axis,
where r(p) (sr"11 2 ) is the complex amplitude rel tivity of the surface. The mutual coherence of (see Fig. 1 
of Ref. 18).
For an infinite uniform diffuse-scattering target p(p) = p, the average backscattered irradiance in the receiver plane in the absence of turbulence becomes [substitute Eq. (20) into Eq. (47) and integrate]
. Retroreflector (42) For a retroreflector (corner cube) 4 8 V(q, p) = r(p)8(q + p),
B(q,, q2, Pi, P2) = r(p,)r*(p 2 )(q, + P 1 )8(q 2 + P2), (51) where r(p) (sr"11 2 ) is the complex amplitude reflectivity of the surface. The mutual coherence of the backscattered field at the receiver is then
the SNR is given by
X EBPL O (P 1 , R)EBPLO*(P 2 , R))dpdP2 (53) in the target plane representation, and the fields at the target are calculated in the absence of extinction.
Distributed Aerosol Target
The receiver plane calculation of SNR, H, and received CLR power (iS 2 (t)) requires the mutual coherence function of the backscattered field incident on the receiver. For natural aerosol targets, the phase of the backscattered field at each aerosol particle is random, and the mutual coherence function of the total backscattered field is the addition of the mutual coherence functions from each aerosol particle. The mutual coherence function [see Eq. (12)] of the backscattered field at the receiver because of a single aerosol particle is the same as that for a point scatterer [see Eq. (39)]. The mutual coherence function of the total backscattered field at the receiver is obtained by integrating Eq. (39) over all the scatterfng aerosols (i.e., over p, R, and us),
is the atmospheric aerosol backscatter coefficient (m-' sr-') and N(cr; p, R) (m-5 sr) is the number density of aerosols per unit volume per unit as at location (p, R). For confined laser beams and typical atmospheric conditions, f3(p, R) and N(us; p, R) may be assumed to be functions of range only. Then the average backscattered irradiance in the receiver plane in the absence of refractive turbulence becomes Note that Eq. (54) has almost the same form as Eq. (47) for a diffuse hard target. All the results for aerosol targets can be converted to diffuse hard target results by replacing f3(p, R) with p(p) and removing the integration over R. Since the aerosol target results are identical to the diffuse hard target results, a diffuse hard target with a known p can be used to calibrate a CLR system for aerosol backscatter measurements.5- 7 7 In general the calibration measurements must be performed at all ranges of interest. However, if the system geometry is understood, a theoretical calibration curve can be calculated and compared with calibration measurements made at one or more suitable ranges. 7 6 The target plane calculation of the SNR is obtained by performing the integration over the target last
[substitute Eq. (54) into Eq. 24) and rearrange the integration]. Then
x (JT(p, R, t-R /c)JBPLO(p, R))dpdR, (57) which would be compared with Eq. (48), the diffuse target case. Note that Eqs. (40), (45), (48), and (57) are symmetric in ET (p, R) and EBPLO (p, R) and are also symmetric in ET (U. 0) and EBPLO (v, 0). Laser radar power, the SNR, and heterodyne efficiency i9H are unchanged with an interchange of ET(U, 0) and EBPLO (V, 0) for a point scatterer, diffuse target, aerosol target, and plane surface. This is not true for the case of a retroreflector target [see Eq. (53)].
E. System Performance: Infinite Uniform Detector
It is convenient to define the system performance by using the most basic system components. This concept was applied to the case of infinite aerosol targets in free space for deterministic fields by Zhao et al.' 3 We apply this concept for general conditions and general targets. The formulation depends on the three detector geometries: a large uniform detector, a finite uniform detector, and a nonuniform detector. We present explicit results for the first case since this geometry is common and produces familiar expressions. The extension to the last two cases is obtained by appropriate substitutions.
The basic components of system performance are extracted by convenient field normalization. Some authors normalize the scalar field so that 
where -qQ is a constant detector quantum efficiency. With this normalization the average shot-noise power for (r 2 (t)) is hvBI1Q, which is different from the current noise power [Eq. (13)].} The normalized fields are defined by
ELO(V, Z) = [(PLO)]
112 eLO(V, Z), (60) where e(u, z, t) (m-') and eLO (v, z) (m-l) are the normalized fields for the transmitted laser field and LO field, respectively, and PLO (W) is the total power of the LO beam. This normalization references CLR performance to the average laser power (PL(t)) instead of to the average laser power transmitted
For a CLR with a detector that has uniform quantum efficiency qQ and that collects all the energy of both the LO and the backscattered fields incident on the receiver aperture, the Fourier transform of the detector response, Eq. (23), is
Then the BPLO field, Eq. (22), becomes (62) and the average power measured by the detector is (PLOD) = 11Q(PLO). (63) The normalized field at the exit of the transmitter is defined as eT(u, 0, t) = eL(u, 0, t)WT(u), (64) and the normalized field of the BPLO at the exit of the reciprocal receiver is defined as
The performance of CLR can be expressed in terms of these basic normalized fields for general conditions, general atmospheric refractive turbulence, and general targets.
Point Scatterer
Usings Eqs. (24) and (39) and the normalized fields, we can write the SNR for a point scatterer at (p, R) as
SNR(t) = 'Q(PL(t -2R/c))[K(R)]us ( R ) (66)

SNR~~t)
hvB cpRt, (6 where
is the coherent responsivity density (m-2 ) of the CLR. 
are the random irradiances (m-2 ) of the normalized transmitter and BPLO fields at the target [see Eq.
(25)].
The average integrated normalized transmitter irradiance is (70) where TT(t) is the average fraction of the last power transmitted through the transmitter aperture defined by WT(u). Similarly, for an infinite, uniform detector, the average integrated normalized BPLO irradiance is f jPLO(VI 0))dv = TR, (71) where TR is the average fraction of the LO power that would be transmitted through the reciprocal receiver defined by WR (v).
The SNR can also be expressed [see Eq. (17) ] in terms of the average power collected by the detector and the heterodyne efficiency. For a large uniform detector all the power collected by the receiver is measured by the detector. Therefore, the average direct detection power (PD(t)) [see Eq. (10)] can be expressed in terms of the mutual coherence of the backscattered field incident on the receiver, i.e.,
For the point scatterer [substitute Eq. (39) into Eq. (74) is the direct responsivity density (m-2 ) of the laser (67) radar. The target plane representation of direct re-
sponsivity density is obtained by integrating Eq. (74) over u, u 2 , and v, i.e.,
where jR(P,R) = f
R(v)2G(p;v,R)G*(p;v,R)dv
where D(R, t) = f d(p, R t)dp = x2 f (jT(PR, t-Rc)jR(pR))dp (83) is the dimensionless direct responsivity of the lasar (7) radar. Then is the random irradiance (m-2 ) of a normalized spatially incoherent source defined by the receiver aperture I WR (v) 12. The target plane representation of the direct responsivity density is the correlation between the normalized transmitted irradiance and the irradiance from a normalized spatially incoherent source distribution given by the aperture transmittance IWR(v)l 2 . By using Eqs. (17), (66), and (73), the heterodyne efficiency for a point scatterer or simple glint target at (p, R) is
The heterodyne efficiency is again the fraction of direct detection power converted to coherent detection power by the CLR. By using Eqs. (81), (83), and (84), the target plane representation of heterodyne efficiency is 'rj(R, t) = -r: (jT(p, R, t -R /jBPLO(p, R))dp (85) fi (j T (p R t -RIc)jR(p, R))dp (77) This states that heterodyne efficiency is the fraction of the direct (incoherent) detection power converted to coherent (heterodyne) detection power by the CLR.
In the target plane representation the heterodyne efficiency is (8 For diffuse and aerosol targets in the far-field regime, Rye 2 3 has described the performance of CLR in terms of an effective coherent receiver area ACOH (i 2 ). For a diffuse target, we define (86) whereARn is the definition used by Rye. The effective coherent receiver area is also given in terms of an antenna gain GA (4) (m 2 sr-'), i.e.,
ACoH(R, t) = R 2 C(R, t) = ARyE(R, t)TT(t)TR,
Infinite Uniform Diffuse Hard Target
When the backscatter coefficient p(p) is uniform over the dimensions of the transmitted beam, the target can be considered an infinite uniform diffuse hard target. Then p(p) = p and [use Eq. (47) in Eq. (24)]
where (88) and 4) (rad) is the angle defined by the target coordinate (p, R) and the transmitter axis under the Fresnel approximation.
GA(4, t) = R 4 c(OR, R, t),
where C(R,t) = c(p R, t)dp (80) is the dimensionless coherent responsivity of the CLR. The target plane representation of coherent responsivity is obtained by substituting Eq. (68) into
f (IT(p, R, t -R/c)jBPLO(p, R))dp. (81) For the diffuse target the average direct detection power (PD (t)) is given by substituting Eq. (47) into Eq. (72) and using the normalized fields
Infinite Uniform Aerosol Target
When the aerosol backscatter coefficient ,(p, R) is uniform over the dimensions of the transmitted beam, the target can be considered an infinite uniform aerosol target and ,(p, R) = ,B(R). Substituting Eq. (54) into Eq. (24) and using the normalized fields produce
The average direct detection power (PD(t)) is [substitute Eq. (54) 
The heterodyne efficiency is given by 
t (PL (t -2R /c))[K(R)1I 2 3(R)C(R, t)dR ,qH(R, t = '-'(91) f (PL(t -2R /c))[K(R)] 2 p(R)D (Rt )dR
For sufficiently short laser pulse durations,
and the heterodyne efficiency qlH is given by Eq. (84) where UL(J) is the total laser pulse energy, and R = ct /2 is the range probed by the leading edge of the pulse at time t.
Infinite Uniform Plane Surface
When the complex scattering coefficient r(p) of a plane surface is uniform over the dimensions of the transmitted beam, the target can be considered an infinite uniform plane surface. Then r(p) = r and the SNR is given by [substitute Eq. (44) into Eq. (24) and use the normalized fields]
hvB where the coherent responsivity is given by
is the joint coherent responsivity density (m-4 ). The target plane representation is [integrate Eq. (96)]
The average direct detection power (PD(t)) is [substitute Eq. (44) 
where the direct responsivity is given by
is the joint direct responsivity density (m-4 ). The heterodyne efficiency for an infinite uniform plane surface is obtained by using Eq. (84).
Infinite Uniform Retroreflector
When the complex scattering coefficient r(p) of a retroreflector is uniform over the dimensions of the transmitted beam, the target can be considered an infinite uniform retroreflector. Then r(p) = r and the SNR is given by Eq. (94) 
is the joint coherent responsivity density. The target plane representation is given by [integrate Eq. (101)]
The average direct detection power (PD (t)) is given by Eq. (98) where
is the joint direct responsivity density.
Nonuniform Diffuse Hard Target
A nonuniform diffuse target is described by the scattering coefficient p(p, R 
The heterodyne efficiency is given by
f p(p)c(p, R, t)dp (106) p(p)d(p, R, t)dp which is the ratio of the coherent responsivity density weighted by the target-scattering coefficient to the direct responsivity density weighted by the targetscattering coefficient.
Nonuniform Aerosol Target
A nonuniform aerosol target is described by the backscatter coefficient ,B(p, R (PD(t))
which is the ratio of the coherent responsivity density weighted by the pulse profile, backscatter coefficient, and extinction to the direct responsivity density weighted by the pulse profile, backscatter coefficient, and extinction. For sufficiently short laser pulse durations
(p,R)c(pR, t)dp, (110)
Nonuniform Plane Surface
A nonuniform plane surface is described by the complex scattering coefficient r (p The heterodyne efficiency is given by
Jf fi r(pl)r*(p 2 )exp[2iko * (P -P 2 )]dJ(pl, P2, R, t)dpldp 2 (114) which is the ratio of the joint coherent responsivity density weighted by the target-scattering coefficient and phase gradient to the joint direct responsivity density weighted by the target-scattering coefficient and phase gradient.
Nonuniform Retroreflector
A nonuniform retroreflector is described by the complex scattering coefficient r(p 
is the solid angle (sr) presented by the receiver with an effective area (M 2 ) of
Then the coherent responsivity becomes [see Eqs.
(84), (116), (117)]
C(R, t) = fl(R)TT(t)H(R,
where [see Eq. (86)]
is the dimensionless system efficiency, which is a measure of the laser radar performance for the fixed transmitter laser power P, fixed LO power PLO, fixed transmitter aperture, fixed receiver aperture, and fixed range R. The system efficiency is also valid for atmospheric refractive turbulence and can be estimated from the laser radar signal by estimating the in terms of the normalized LO field at the receiver plane. For a finite detector with a uniform quantum efficiency 'Q, the system performance is given by the results of the previous sections with the substitution
for Eq. (65) where
H, t ) =A T(t) f iT(p, R, t -R/C)jBPLO(P, R)dp. (121) The effective coherent receiver area can also be written as an integration over the receiver plane, i.e., ACOH(R, t) = E_ OT(s, R, t)OBPLO*(s, R)ds, for the point scatterer, diffuse target, and aerosol (124) target;
is the
dimensionless autocorrelation function of the
This formulation has been used by Rye 6 23 to express CLR performance in terms of effective areas.
G. System Performance: Finite Uniform Detector A finite detector does not collect all the available LO power or all the backscattered field incident on the receiver. The average LO power measured by the detector [see Eqs. (9) and (23) and propagate the LO
for the plane surface; and dJ(p 1 , P2,R, t) = i f2 f f :mT(ul, U 2 , 0, t -2R c) 
for the retroreflector; and Eq. (129) is used in the definition of Y(K). The ratio of the average detected power with a finite uniform detector to the average detected power with an infinite uniform detector is the fraction of average power collected by the receiver that is measured by a finite uniform detector. This ratio permits CLR performance to be referenced to the average backscattered power collected by the receiver instead of the average power measured by the detector. c(p, R, t) = ffmSD(P,
is the mutual coherence function density (m-4 ) of the normalized backscattered field from a point scatterer at location (p, R). For an infinite uniform diffuse target the coherent responsivity [see Eq. (80)] is given by
where mS(v1, V 2 , 0, t) = mSD(P, V 1 , V 2 , 0, t)dp The mutual coherence function of the normalized backscattered field contains the physical interpretation of the coherent detection process in the receiver plane.
Effects of Atmospheric Refractive Turbulence
Many theoretical techniques of wave propagation in random media have been used to predict the effects of refractive turbulence on CLR performance. Fried"' used Rytov theory to estimate signal reduction. Yura' 5 modified the bistatic results to describe the effects of refractive turbulence. Wang 22 and Murty 2 7 used the extended Huygens-Fresnel approximation, which is valid only in weak path-integrated refractive-turbulence conditions. 7 8 Clifford and Wandzura' 0 used the phase approximation of the extended HuygensFresnel theory, which is an approximate solution. 6 3 79 Shapiro et al.' 9 introduced a phase cancellation limit of the extended Huygens-Fresnel approximation, which considers the log-amplitude scintillation as the dominant mechanism. Their theory is also a weakintegrated refractive-turbulence theory. Rye 8 used phenomenological arguments to include the effects of refractive turbulence. None of these theories has been shown to be valid for general path-integrated refractive turbulence.
It has been argued that the correlation of the transmitted and backscattered fields in monostatic systems will produce improved performance because wave-front tilts will be self-correcting.
2 0 ' 80 Theoretical justification for this hypothesis is based on geometrical optics arguments (e.g., random wedges that produce a square-law structure function description of the random medium) and the extended HuygensFresnel approximation. We show that this selfcorrecting mechanism is negligible for atmospheric refractive turbulence when the irradiance fluctuations on the target are small.
When the angular deviation of propagating waves because of refractive turbulence is small, the propaga-tion Green's function is given by a Feynman path integral. 6 "" 8 The moments of the random field are then given in terms of the ensemble average of multiple-path integrals. When the fields change slowly with propagation distance, the Markov approximation is valid 8 ' 82 (i.e., the refractive turbulence is uncorrelated in the propagation direction, a good approximation for normal atmospheric conditions 8 2 ) , and the fourth-moment Green's function may be expressed as a series. 68 This series has two physical representations: a low-spatial-frequency (f) behavior and a high-spatial-frequency (hf) behavior.
A. Low-Spatial-Frequency Behavior
The f behavior is the dominant behavior when intensity fluctuations at the target are small. The first term of this series (indicated by the subscript 0) for the coherent responsivity density is 
and the target plane representation is
c,"(p, R, t) = A2(jT(p, R, t -R/c))(jBPLo(P, R)).
(141)
The analogous term for the direct responsivity density is 
The first term of the lf behavior of the joint coherent responsivity density is given by
CoIf(Pi, P2, R, t) = 2 fr fr Er Er
x mT(u 1 , U 2 , 0, t -2R/c) mBPLO(V1, V 2 , 0)
• (G(p,; ,, R)G*(P2; 2 , R))
x (G(pl; v, R)G*(p2; v 2 , R))
CJO'(P1, P2, R, t) = XA(eT(pl, R, t -Rc)eT*(p2, R t -Rc))
x (eBPLO(pl, R) eBPLO (P2, R)). (145) The analogous term for the joint direct responsivity density is djo f(p, P2, R, t) = A f r r m,(Ul, U 2 , 0, t 2RIc) WR(v) 2 x (G(pl; Ul, R)G*(p2; U 2 , R))
Using the first term of the series is equivalent to assuming that the backscattered field from the target passes through statistically independent refractive turbulence compared with that of the transmitted field. The next (second) term of the path integral expansion contains the Born approximation. (The field experiences single scattering from refractive turbulence eddies, then interferes with the unscattered field.) This implies that the assumption of statistically independent paths is valid for the monostatic configuration if the contribution from the Born approximation is negligible, i.e., if the irradiance fluctuations at the target are small. This can be inferred from the work of Rye 8 for the infinite uniform diffuse target and the special case of the matched transmitter field and reciprocal receiver field (matched monostatic), i.e., eT(u, 0, t) = eBPLO(U, 0), jT(P R t) =iBPLO(P, R), (147)
where cr 2 (p, R) is the dimensionless normalized variance of the transmitted irradiance at the target. Since o2(p, R) is positive, the statistically independent-path result is a lower bound for the SNR, which is proportional to c(p, R). When the irradiance fluctuations at the target are small, uA(p, R) can be neglected and the statistically independent-path result is valid. The calculation of the CLR power by using the phase approximation of the extended Huygens-Fresnel theory depends on the ratio of the field coherence length to the dimensions of the transmitter-receiver. This is the same parameter that describes the effects of refractive turbulence for imaging systems. The regime where the effects of refractive turbulence become important for CLR performance cannot be reliably determined by this parameter. In the limit of large path-integrated refractive turbulence, the complex field at the target becomes a joint Gaussian random process. 6 4 ' 68 Then 6 8 uZ2(p, R) = 1, and the SNR is twice the statistically independent-path result for the matched monostatic condition. For moderate path-integrated refractive turbulence, , 2 (p, R) can be larger than unity, 8 3 ' and for typical atmospheric conditions and wavelengths in the visible, , 2 (p, R) approaches unity slowly with increased path-integrated refractive turbulence. The higher terms of the series solution for the fourth-moment Green's function describe the multiple-interference and correlation effects of propagat-ing back through the same turbulent atmosphere. As the irradiance fluctuations on the target become large, there is an enhancement of the CLR SNR compared with the statistically independent-path calculation if the fluctuations in irradiance at the target from the transmitter and BPLO are correlated. We call this enhancement normal enhancement. If this enhancement causes the SNR to become larger than the SNR with no refractive turbulence (homogeneous atmosphere or vacuum), we call it super enhancement. The fluctuations in irradiance at the target from the transmitter and BPLO have maximum correlation and hence maximum enhancement for the matched condition. Many conditions are created by varying the transmitter and LO parameters. The physical explanation of the enhanced CLR SNR caused by the refractive turbulence is the correlation of irradiance fluctuations at the target plane. The physical explanation of the enhancement in terms of the receiver plane calculation is the enhancement of the backscattered irradiance at the receiver plane centered on the transmitter axis 4 8 or an increase in the field coherence of the backscattered field. A clear understanding of the effects of atmospheric refractive turbulence on CLR performance requires calculations in both the target plane and receiver plane.
B. High-Spatial-Frequency Behavior
When the propagation of the fields through refractive turbulence results in great intensity fluctuations at the target, a small-scale structure is produced, i.e., high spatial frequencies. The fourth-moment Green's function that describes this structure can be expressed as a series solution. The leading-order term of this series for the coherent responsivity density is [compared with Eq. 
The first term of the hf behavior of the joint coherent responsivity density is given by 
These leading-order effects of refractive turbulence can also be obtained by assuming that the complex fields at the target are a joint Gaussian random process (full saturation of intensity fluctuations). Then the fourth-moment Green's function can be expressed as the sum of the product of the secondmoment Green's functions, i.e., The first term in Eq. (155) describes the zero-order term of the lf behavior, and the second term describes the zero-order term of the hf behavior. Then c(p, R, t) = co 0 (p, R, t) + coh(p, R, t), This approximation was verified previously with pathintegral methods. 6 6 ' 6 8 The limit of full saturation depends on the statistics of the refractive turbulence and the parameters of the transmitter and LO fields. The two terms of the Gaussian field approximations for the fourth-moment Green's function are the basis of the lf series and the hf series.
C. Zero-Order Fourth-Moment Solution
The lf series is required for any strength of pathintegrated refractive turbulence. The hf series is important when the intensity fluctuations at the target become large, and small-scale scintillation structures are formed. The zero-order fourth-moment expressions for the effects of refractive turbulence are given in terms of the second-moment Green's functions ((GG*)) for wave propagation in random media. 6 8 For narrow angular deviations caused by refractive turbulence and the Markov approximation, 8 1 , 82 (G(pl; u 1 , R)G*(p 2 ; U 2 , R)) 
is the dimensionless correlation of refractive-index fluctuations n(p, z) at range z. For Kolmogorov turbulence 8 5 Using Eqs. (76), (143), and (160), jT(p, R, t -Ric) ).
Using Eqs. (70), (83) , and (166),
DO,(R, t) = TT(t)(R),
( 167) which is the result for no refractive turbulence. The SNR reduction based on the leading term of the lf series is due to a loss in heterodyne efficiency only and not to changes in direct detection power [see Eq.
(84)].
For collimated and diverged laser beams the magnitude of the irradiance fluctuations is described by the dimensionless parameter
where RF = (Rlk)" 2 (m) is the Fresnel distance and Rs(R) = R/[kpo(R)] (m) is the radius of the effective scattering region. When U is small the irradiance fluctuations are small 83 85 [q 1 (p, R) << 1]. When U is extremely large, the irradiance fluctuations are saturated 83 85 [,(p, R) = 1], and the CLR performance is given by Eqs. (156-159). These limits provide the following convenient heuristic algorithm for merging the lf behavior with the hf behavior: 165) is a useful approximation that produces little error. 5 This approximation becomes exact 85 ' 86 when the transversefield coherence length is smaller than the inner scale of the refractive turbulence. Then the average beam profile caused by refractive turbulence is a Gaussian. Note that our theory was not developed under a square-law structure function approximation. That pathological case corresponds to an atmosphere composed of random wedges, 8 0 which implies that there is only beam wander and no scintillation, and wavefront tilts are self-correcting for monostatic lidar.
Co(R, t) = Col(R, t) + 1+U(R) C(R, t), DJ(R, t) = Dolf(R, t) + 1 U(R) 2 D.hf(R, t),
IV. Gaussian Lidar System
The results presented up to this point are valid for general CLR parameters and conditions (e.g., monostatic and bistatic). The behavior of the laser radar performance in the different physical regimes is more easily described with analytic expressions for SNR and heterodyne efficiency. This section employs complex Gaussian functions for all the main components of a CLR, since this is the simplest representation that still contains all the physics of the system and permits analytic solutions. The physics of the SNR and heterodyne efficiency are described completely by the transmitter field at the exit of the transmitter aperture, the receiver lens, and the LO field. The remainder of this paper assumes the simplifying assumptions that the transmitter and LO fields are deterministic, that the detector response function is uniform [Q(w) = Q], and that the detector col-lects all the LO power and backscattered power incident on the receiver aperture.
To describe the interaction of the transmitter optics with the laser field (truncation and focusing), we assume an untruncated Gaussian for the transmitter laser, i.e., For the leading-order term 
is the effective field coherence length at the receiver axis and describes the leading-order behavior of the small-scale coherence at the receiver caused by the large-scale structure of the target. The first term in Eq. (182) is the field coherence of a point source at the target propagating through the refractive turbulence. The second term is the field coherence caused by the free-space propagation of a spatially incoherent source defined by the average transmitted irradiancejT(p, R). This is the Van Cittert-Zernike theorem. 
The average irradiance of the normalized back tered field is given by mS, (v, V, 0) ORT which is independent of the level of the refra turbulence. This is not true for the other terms o path-integral expansions, which describe the back ter enhancement mechanism. We assume a monostatic CLR with a receiver described by an untruncated Gaussian receive sponse function [see Eq. (172)] for the scalar fielk where CTR (m) is the l/e intensity radius of receiver, and FR (m) is the phase curvature (the length of the lens or telescope) of the receiver (. positive for a focusing or positive lens.) [Alth( actual lidar systems usually employ a rectangula hat receiver function (e.g., a circular telescope mary mirror), the Gaussian assumption allows lytic solutions while preserving a size paramete the receiver. Gaussian profile truncation by thl ceiver is therefore included unless we set CRwhich case there is no receiver truncation. The comments apply to the transmitter function and The effective receiver area AR = rTOR2 [see Eq. 
The SNR is given by Eqs. (79) and (89) for uniform lens diffuse and aerosol targets, respectively. The assumpr ens tions employed in deriving these results are listed in rr- Table I.  d: Equations (189) and (190) describe the loss of the SNR and heterodyne efficiency caused by several (184) physical mechanisms of monostatic CLR. The second term in the brackets in the denominator contains the mismatch between the LO and backscattered beam the profile on the detector. The third and fourth terms focal represent the loss of received field coherence caused 'R is by the incoherent aerosol target in the absence of )ugh refractive turbulence. The third term is the diffractop tion component of the transmitted beam, and the prifourth term is the corresponding geometrical optics anacomponent. The fifth term is the mismatch between r for the phase-front curvature of the LO field and the a retotal backscattered field as modified by the receiver. ,o, in
The last term is the effect of atmospheric refractive same turbulence, which includes two mechanisms: the first
mechanism is the expansion of the transmitted beam 8)]
caused by refractive turbulence, which produces a ed to larger incoherent image at the target, and the second mechanism is the loss of coherence of the backscat- 
The leading term of the f series for coherent responsivity is [using Eqs. (135) The symmetric representation of coherent responsivity is
The analogous calculation in the target plane is given by Eq. (141). The average of the normalized BPLO irradiance in the target plane is and aB (m) is the lie intensity radius of the imagined BPLO in the target plane. The transmitter and reciprocal receiver truncation ratios are [see Eqs. (70) and (71)]
The coherent responsivity density in the target plane representation becomes
Performing the integration over the target coordinate [Eq. (80) ] produces
which is equivalent to Eq. (189). Note that the radius of the LO, aLO, appears as a separate parameter and that CLR SNR cannot be specified by only 0 TE, FTE, cr., FRE and po. For fixed transmitter power PT atmospheric parameters [P(R), K(R)], and receiver parameters (URE, FRE), the maximum SNR occurs when cTBT << BR; i.e., the size of the transmitted beam on the target is much less than the size of the imagined BPLO on the target, or equivalently, the transmitter dimensions are much larger than the receiver dimensions. This condition was noted by Fluckiger et al. 8 9 in the far-field limit and is shown here to be generally true. Note that this is not a practical case because the transmitter dimensions are much larger than the receiver dimensions and the cost performance is poor.
Fixed Receiver Lens
For a given receiver lens (fixed uR and FR) the maximum heterodyne efficiency occurs when the field accepted by the receiver matches the LO field. This occurs when all the mechanisms for the loss of heterodyne efficiency in Eq. (189) are negligible. The effects of atmospheric refractive turbulence are removed when p(R) >> cLo (C, 2 -> 0). The loss of heterodyne efficiency from the geometrical component of the illuminated target is removed when FTE = R. The loss of heterodyne efficiency from the diffraction component of the illuminated target is removed when crTE >> uLO; i.e., a compact illuminated image is produced at the target that approximates a point source and produces a coherent spherical wave over the dimensions of the LO at the receiver. The phase front of the received field is matched to the phase front of the LO when F. = R. These limits produce a coherent field incident on the receiver. The receiver lens converts this coherent field into a coherent Gaussian field of the proper phase curvature, which is mixed with the Gaussian LO field. The spatial distributions of these two fields are matched when oLO = oR (cr, 2 = 0R 2 /2). Then the heterodyne efficiency, Eq.
(190), is unity and [see Eq. (84)]
and the coherent detection responsivity is equal to the direct detection responsivity. Note that the condition for maximum heterodyne efficiency is not a feasible geometry since the transmitter is much larger than the receiver dimensions. Therefore practical CLR's will always have a maximum heterodyne efficiency and maximum system efficiency that are less than unity.
The receiver plane (detector plane) calculation provides a clear connection to the physics of CLR. The corresponding interpretation in the target plane is not as clear. The overlap integral for the case of unity heterodyne efficiency corresponds to a small transmitted beam size on the target compared with the BPLO beam size, and with reciprocal receiver parameters chosen to give maximum irradiance over the overlap region. Note that matching the two irradiance profiles in the target plane does not produce maximum heterodyne efficiency but produces maximum coherent responsivity when there is no refractive turbulence. 90 
Optimal LO Parameters
Fr a given transmitter and receiver geometry (fixed UTE, FTE, aR, and FR) and a target at range R, the optimal LO parameters for maximum SNR, maximum heterodyne efficiency lH, and maximum system efficiency -9s are
R -FR
which produces maximum performance at the range R = FTE. These optimum LO values usually are not implemented in real CLR systems because they depend on the target range R.
Optimal Conditions for a Gaussian Monostatic
CLR System
The maximum SNR for a uniform diffuse target is obtained by maximizing coherent responsivity. The governing equations for maximum SNR for the monostatic CLR have been derived 9 0 by using functional maximization, and analytic solutions have been obtained for the Gaussian aperture CLR system. For a monostatic CLR the transmitter lens and receiver lens are the same [WT(u) = WR(u)]. Then UT = oR and FT = FR. We now determine the conditions for maximum SNR and coherent responsivity for a given range R and fixed receiver and transmitter lens dimension UR. This requires that p(R) 0o (no refractive turbulence), FTE = R, and FRE = R. Taking the partial derivatives of coherent responsivity (or SNR) with respect to L and oTLo and solving the simultaneous equations result in q = YLO = R//2 = 0. 7 07uR. For the maximum SNR of this general Gaussian aperture CLR system, the heterodyne effi-
The maximum SNR, heterodyne efficiency, and coherent responsivity for the general Gaussian CLR system require a focused condition (R = FTE = FRE = F) or, equivalently, the far-field condition. With parameters optimized (L = aLo = uR//2) for this focused condition, the heterodyne efficiency at any range R becomes
The behavior of this heterodyne efficiency and SNR for a typical CLR is presented in Section VI. Using the optimal parameters for the general Gaussian CLR system provides useful analytic expressions for studying CLR performance.
Receiver Lens Larger than the LO Beam
When the dimension of the receiver lens aR is much larger than the dimension of the LO beam LO (i.e., negligible receiver truncation of the LO), then cRE = uLO, and Eq. (189) 
ciency -lH is 4/9, the transmitter power truncation ratio TT is 2/3, and the system efficiency %j(R) is Because of diffraction the transmitter cannot produce an illuminated target spot that is small enough to approximate a point source, and the received field from the target deviates from a spherical wave over the effective area of the receiver. These results agree with the results from functional maximization. 9 0 The optimal performance of a CLR system with a more realistic circular transmitter-receiver aperture of radius RA and Gaussian laser and LO field was considered by Rye, 23 Wang, 3 2 and Zhao et al. 33 This laser radar has the same collecting area AR as the Gaussian aperture system when RA = R. The optimal parameters for the circular aperture with the same collecting area and a Gaussian LO incident on the detector are = UrLo = RAI1.763 = 0. 5 6 7 2 RA, which is close to the condition for the Gaussian aperture system. However, the system efficiency -1s for the circular aperture system is 0.40118, which is a factor of 1.354 better than the Gaussian aperture system. Rye 23 obtained a system efficiency of 0.43837 for the Gaussian monostatic lidar with a circular aperture by using an improved LO design. A monostatic circular aperture CLR has a better SNR than a comparable untruncated Gaussian aperture CLR system with an equal collecting area. (Other noncircular apertures may have a higher SNR than a circular aperture with an equal collecting area.)
The effective receiver aperture is defined by the LO, and the SNR is independent of the parameter rR; however, the heterodyne efficiency is poor since much of the backscattered field does not mix with the LO field. This was noted by Wang 29 for the case of a Gaussian LO and a circular aperture. This limit (uR--oo) has been used by many authors (see Section V) and is the correct limit if the physical receiver mirror is sufficiently larger than the BPLO beam. If we further assume a matched monostatic CLR system, FTE = FRE = F and TE = LO = , assume a short pulse duration, substitute D 2 = 2u (lie 2 intensity diameter) and B = 1/T, where T (s) is the pulse duration (matched filter assumption), and utilize Eqs. (92) and (201), the SNR becomes
which is a commonly used form of the CLR equation. 6 Further simplification occurs if we assume negligible When we use Eqs. (149) and (160) and the squarelaw-structure function limit, the coherent responsivity density is The normalized backscattered irradiance is given by
which can be written as
MS~hl ( 
and AO(R) is the field coherence length of the backscattered field at the axis of the transmitter beam. The coherent responsivity becomes
The correlation of the small-scale fluctuations of transmitted and imagined BPLO irradiance at the target has a Gaussian profile with a widthu 0o (m). The coherent responsivity is obtained by integratingEq. (210) When RF > po(R) >> rT, and oTR,
The backscatter intensity enhancement from the leading-order term of the hf behavior is equal to the backscatter irradiance at the receiver with no refractive turbulence. This increase in direct'detection power produces a factor of 2 increase in the SNR (heterodyne efficiency does not change) compared to the statistically independent-path calculation for large path-integrated refractive turbulence. The phase approximation of the extended Huygens-Fresnel theory does not predict this effect. 2 0 When RF > po(R) >> rTE and oR, N 0 << 1 in Fig. 1 increase in the SNR is due to an increase in heterodyne efficiency from the hf component (see Fig. 4 ). The direct detection power is unchanged.
V. Comparison with Previous Results
There have been several results published for monostatic CLR systems with Gaussian geometries. We now compare our results with these previous works. Sonnenschein and Horrigan' 2 calculated the SNR for a monostatic CLR with Gaussian transmitter, receiver, and LO but neglected refractive turbulence. The conversion of notation is qQ ' 
, and k -2rrIX. The noise power was specified as that from a photoconductive detector, but a photovoltaic expression was used. Then our Eq. (89) 1 (217) which matches their Eq. (20) except for a factor of 2. The factor of 2 error is traced to their Eq. (13), where a factor of 4/ is omitted. However, since photoconductive noise power is a factor of 2 larger than photovoltaic noise, their final results are correct for the specified case of photoconductive noise, since the two factors of 2 cancel. Yura' 5 calculated the CLR SNR reduction factor caused by refractive turbulence for a Gaussian transmitter and Gaussian LO but ignored the receiver lens. 
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VI. Calculations
The conditions for the optimal performance of a general Gaussian CLR system were determined in Subsection IV.A. The behavior of the SNR and heterodyne efficiency for the If behavior as a function of range and level of refractive turbulence C for a typical focused CLR system" with optimal parameters [Eqs. (84) , (92) Fig. 4 . The near-field behavior is important for all ranges of < 10 km. The enhancement of the SNR at large distances is due to an enhancement in heterodyne efficiency from the hf contribution. Note the region of superenhancement (a SNR higher than predicted for no refractive turbulence; see Subsection III.A) near the 1-km range.
VII. Conclusions and Recommendations
The use of shorter wavelengths in CLR systems makes the theoretical treatment of atmospheric refractive turbulence and near-field, nonfocused conditions more important. The analytic expressions derived here are complementary to numerical investigations and lead to an insight and understanding of CLR physics, operating regimes, parameter dependencies, and optimizations. The numerous choices or branches possible when considering CLR theory present a formidable multidimensional parameter space, as Table II conveys. We chose notation and normalization to provide the clearest extension of previous results to the most general conditions.
The performance of CLR can be determined by calculations of the SNR [Eq. (14) ] and heterodyne efficiency [Eq. (15) ]. The SNR is proportional to the product of two terms [Eq. (17) ]: the direct detection power PD(t) and the heterodyne efficiency NH. The heterodyne efficiency can be estimated from the laser radar signal for general conditions. These expressions are defined by the fields in the detector plane. The SNR and heterodyne efficiency can also be calculated in the receiver plane (Subsection II.B) and the target plane (Subsection II.C). It is essential to perform calculations in both the target plane and the receiver plane to understand fully the physics of CLR performance, especially when refractive turbulence is important. For a large detector with uniform quantum efficiency and for many common targets, the SNR can be expressed in terms of the target characteristics and in terms of the coherent responsivity (Subsection II.D), which contains all the system and atmospheric refractive turbulence contributions to the SNR. The coherent responsivity is related to the heterodyne efficiency and the direct responsivity, which contains all the system and atmospheric refractive turbulence contributions to direct detection power. The results for a large detector with uniform quantum efficiency are extended to the case of a finite detector with uniform quantum efficiency (Subsection II.G) and a detector with varying quantum efficiency (Subsection II.H). The results for aerosol targets are directly related to the results for diffuse hard targets; thus calibration methods based on hard targets are justified.
The effects of atmospheric refractive turbulence (Section III) are included by using path-integral expansions that produce two separate series, the If series and the hf series. The If series describes the contribution to system performance from the largescale scintillation processes. When the intensity fluctuations on the target are small, the first term of the lf series yields the dominant behavior. This term is equivalent to the assumption of statistically independent paths and simplifies the numerical calculations for a number of problems, in particular, monostatic CLR calculations for short propagation paths. The enhancement of the SNR over the statistically independent path calculation is only possible if the irradiance fluctuations on the target are appreciable. In this region the small-scale scintillation appears on the target and the hf series becomes important. In the limit of large path-integrated refractive turbulence, the SNR approaches twice the statistically independent path calculation when the transmitted and BPLO fields are matched. The enhancement of the SNR compared to no refractive turbulence (super enhancement) is also possible for a variety of parameter regimes.
The effects of the different physical mechanisms on CLR performance were determined by calculations of the SNR and heterodyne efficiency for untruncated Gaussian transmitter, receiver, and LO (Section IV) for the leading-order term of both the lf and hf series. A heterodyne efficiency of unity is possible when the dimensions of the transmitter are much larger than the dimensions of the receiver. However, this is not a practical system, and heterodyne efficiency is less than unity for the more useful monostatic configuration. The SNR and heterodyne efficiency for the optimal Gaussian laser radar system are shown for a typical 1.0641-p1m wavelength system (Figs. 3 and 4) and demonstrate that the near-field region and atmospheric refractive turbulence are more important than for 10.6-jim wavelength systems.
Extensions of this work include the CLR SNR, system efficiency %, and heterodyne efficiency %H theory and calculations appropriate for (1) arbitrary transmitter, receiver, LO, and detector response;
(2) medium and strong path-integrated refractive-turbulence conditions; (3) the use of optical fibers for mixing fields; (4) general scattering surfaces; (5) bistatic CLR systems in strong path-integrated refractive turbulence; (6) space-time statistics of real atmospheric refractive turbulence; (7) refractive-turbulence spectra for real atmospheric conditions; (8) effects of misalignments; and (9) effects of optical aberrations.
Many of these theoretical extensions may be analytically intractable, and numerical calculations and simulations may be required. However, because of the difficulty of performing numerical calculations that include the effects of refractive turbulence, analytical expressions based on expansions for the transmitter field, receiver lens, and LO field would be useful for understanding laser radar performance. They also provide benchmarks for testing the accuracy of any numerical calculation. 
